Purpose: Optical coherence tomography (OCT) of the anterior segment allows quantitative analysis of the geometry of the iris. We performed spectral domain OCT examinations in healthy emmetropic, hyperopic and myopic subjects to investigate iris curvature and its associations. Methods: In a cross-sectional study, out of 4617 eyes (2309 subjects) those with refractive errors of <À4 or >+3 dioptres were identified by objective refraction. The iris was examined using the anterior segment mode of a spectral domain 3D OCT-2000 (Topcon Inc., Japan) in the temporal meridian, and OCT scans were investigated with respect to presence and amount of convex and concave iris configuration. Ninety-three eyes of 50 subjects served as emmetropic group (À0.5 ≤ x ≤+0.5 dioptres). Previous ocular surgery was exclusion criterion. Results: Six hundred and sixty-eight eyes of 398 persons [292 male (76%); age range; 18-66 years] were included in the study. In the myopic group, 105 eyes had a concave iris configuration (26%), while in the hyperopic group, no eye had this configuration (0%) and in the emmetropic group five eyes (5%). Convex iris configuration was found in 96% of hyperopic, in 85% of the emmetropic and in 67% of the myopic eyes. There was an association between concave iris configuration and myopia, younger age and male gender, and with anterior chamber angle width. Conclusion: Spectral domain OCT images can be used for analysis of the iris structure and geometry. Our results are limited to the properties of the study population having an age range from 18 to 66 years and consisting mainly of men.
Introduction
The geometry of the iris has been early recognized in the history of glaucomatology as a central factor for the regulation of the intraocular pressure, the risk for angle-closure glaucoma (Aung et al. 2005 ) and for the development of pigment dispersion syndrome (Campbell & Schertzer 1995) . The analysis of its structure was limited to observation by slit-lamp examination and gonioscopy for almost a century. Ultrasound biomicroscopy has overcome this restriction and allowed to quantitatively examine the anterior segment and the iris profile (Liebmann et al. 1995; Pavlin et al. 1995) . Recently, anterior segment optical coherence tomography (AS-OCT) allows the quantitative assessment of the iris structure and geometry obtained in noncontact examination (Liu et al. 2011) .
The iris geometry is reported to be associated with different anterior segment pathologies. A concave iris configuration may be observed in pigment dispersion syndrome but is not always existent at the time of diagnosis. The contact of the mid-peripheral iris due to a concave iris configuration and the lens zonules (iridozonular contact) can lead to pigment shedding resulting in transillumination defects and dense pigmentation of the trabecular meshwork (Campbell & Schertzer 1995) . To use anterior segment OCT as a tool for iris examination, it is important to understand associations of OCT measurements with other clinical factors describing the subject, namely age and refraction, known as risk factors for the development of pigment dispersion syndrome (Campbell & Schertzer 1995) .
On the other hand, convex iris configuration is reported in patients suffering from primary angle closure and being related to age and inversely to anterior chamber depth (Nonaka et al. 2007 ). Associations to refraction and to pupil size were not evaluated in this study that evaluated convex iris configuration with ultrasound biomicroscopy.
The purpose of our study was to test the ability of the spectral domain 3D OCT-2000 (Topcon Inc., Japan) for assessing the structure and geometry of the iris. Beyond this, the relationships between OCT measurements of the configuration of the iris profile and refraction, as well as corneal curvature, age, pupil size and intraocular pressure, are analysed. This study was performed to test the hypothesis that a concave iris configuration is related to myopia and younger age, while a convex iris configuration is linked to hyperopia. The focus of our study set-up is laid on eyes with moderate to high hyperopia and myopia in comparison with an emmetropic group.
Subjects and Methods
The study was designed as a crosssectional, observational study within the scope of a general health preservation project conducted in a major industry company. The study population comprised male and female subjects in the working age (age range of 18-66 years; Vossmerbaeumer et al. 2013; Schuster et al. 2015) . The study was conducted following the tenets of the Declaration of Helsinki. Informed consent was obtained from all participants, and the client's advisory board and the board of employees as well as the ethical committee of the University of Heidelberg (institutional review board) ethically approved the study. All subjects remain anonymous to the investigators throughout the entire study.
Ophthalmological examinations include objective refraction measurement using a Topcon RM-KR-8800 Kerato-Refractometer (Topcon Inc., Tokyo, Japan), non-contact tonometry (CT-80, Topcon Inc.), 45°non-mydriatic digital fundus photography and high-resolution optical coherence tomography of the macula and of the optic disc (3D OCT-2000, Topcon Inc.).
In the protocol, it was determined that persons with refractive error of ≤À4 dioptres (more than 4 dioptres of myopia) or ≥+3 dioptres (more than 3 dioptres of hyperopia) are examined by anterior segment optical coherence tomography (3D OCT-2000, Topcon Inc.). The cornea was imaged, and corneal curvature was automatically calculated with the integrated software. In addition, OCT imaging of the anterior chamber angle and simultaneous anterior segment photography was performed. This was defined to evaluate the anterior segment with potential anterior chamber angle closure in hyperopic and possible iris thinning in myopic persons. This selection was made to ensure high discriminatory power between the groups of myopic and hyperopic subjects and an emmetropic cohort for comparison. Individuals were eligible for the group with emmetropia, if one eye had a refraction between À0.5 and +0.5 dioptres in spherical equivalent. A random sample of 50 emmetropic subjects from the study population without ocular pathologies were examined with anterior segment optical coherence tomography and were included in the analysis. If one eye of an emmetropic Fig. 1 . The extent of the concave iris configuration is determined by drawing a line from the iris root (white arrow) to the point of iridolenticular contact closest to the pupil margin (grey arrow). This procedure is shown by the yellow line. Then, the maximal perpendicular distance from the drawn line to the posterior iris was measured (red line). subject did not fulfil the strict definition of emmetropia (spherical equivalent between À0.5 and +0.5 dioptres), this eye was excluded.
Exclusion criteria for all three groups were previous intraocular or laser surgery, diagnosis of anterior segment dysgenesis, juvenile glaucoma, keratectatic conditions or a known history of uveitis. Also, persons with previous laser vision correction surgery, persons on current pressure-lowering therapies or persons with glaucomatous optic atrophy as described on high-resolution fundus photography were also excluded.
Optical coherence tomography (OCT) images of the chamber angle were taken following the standard data acquisition protocol as suggested by the manufacturer. Imaging was performed at the temporal quadrant, that is in the 9 o'clock position (right eyes) and the 3 o'clock position (left eyes) in the subjects sitting in a straight up position. One photograph was performed per eye. The pupil was in undilated natural size at the time of examination, which was performed at standardized mesopic light conditions. Optical coherence tomography (OCT) measurement images of the temporal anterior chamber angle were investigated for iris geometry. One experienced examiner, masked to other subjects' data, analysed anterior segment OCT scans and classified the iris structure as convex or concave iris configuration. A convex iris configuration is defined as a convex shape of the iris pigment epithelium: this means that the mid-peripheral iris pigment epithelium is 'bowed' towards the cornea. In contrast, a concave iris configuration is characterized by a concave shape of the iris pigment epithelium, which means a 'bowing' away from the cornea (Fig. 1) .
Quantitative measurement of iris configuration was performed with IMAGEJ software (NIH, Bethesda, MD, USA) analysing the extent of the convex and concave iris configuration by drawing a line from the iris root to the point of apparent iridolenticular contact closest to the pupil margin. The iridolenticular contact is not meant as an actual contact of the iris and the lens, but as the position of closest distance. Then, the maximal perpendicular distance from the drawn line to the posterior iris was measured (Liebmann et al. 1995) . A concave iris configuration of the iris is indicated by a negative value, while a convex iris configuration was indicated by a positive value. In addition, convexity ratio (CR) was calculated as introduced by Amini et al. (2010) : the amount of convex/concave iris configuration is divided by the length from the iris root to the iridolenticular contact. The width of the anterior chamber angle was determined as described previously (Vossmerbaeumer et al. 2013) . Pupil size was measured on simultaneously recorded anterior segment photographs using IMAGEJ software (NIH). Pupil and limbus diameter was measured vertically due to artefacts in horizontal position.
Data processing and statistical analysis were performed using SPSS standard software (SPSS 21.0, SPSS, Chicago, IL, USA). Applied algorithms included descriptive statistics, analysis of variance (ANOVA) for comparing descriptive statistics and calculation of Spearman correlation coefficients for comparing iris geometry and anterior chamber angle width. Multivariable logistic regression and multivariable linear regression both using a generalized estimating equations model to control for correlations between right and left eyes were applied for the analysis of associations. Our analysis aimed to investigate the relationship between convex respectively concave iris configuration, refraction, corneal curvature, pupil size, intraocular pressure, age and gender. A p-value of 0.05 was regarded as statistically significant. Generalized estimating equation models were calculated with Bonferroni correction for multiple testing.
Non-responder analysis with respect to OCT imaging for myopic and hyperopic eyes was carried out, and the following parameters were descriptively compared: age, sex, refraction of the eyes fulfilling the inclusion criteria and intraocular pressure.
Results
Six hundred and sixty-eight eyes of 398 persons (292 male, 96 female) met the inclusion criteria of the study as being myopic ≤À4 dioptres or ≥+3 dioptres (dpt.). There were more male compared to female subjects in our study population, as the underlying cohort consisted of an industrial cohort and more men were employed in this working field. Twenty persons were excluded according to the exclusion criteria resulting in 632 eyes of 378 persons.
Seventy-two eyes of 49 persons were identified with a mean hyperopic refraction of +4.24 dioptres SE (range 3-7.75, SD 1.11). Mean age of the subjects was 47.5 years (min. 20, max. 64, SD 11.3), 39 persons were male, and 10 were female. The myopic group comprised 560 eyes of 326 individuals with a mean refraction of -5.86 dioptres SE (range À4 to À11.75, SD 1.6). Mean age of the subjects was 41.4 (min. 20, max. 66, SD 10.6). Two hundred and forty-six persons were male and 80 were female. The emmetropic group comprised 50 individuals with a mean refractive error of À0.16 dioptres SE (range À0.5 to +0.5, SD 0.26), consisting of 39 male and 11 female subjects, mean age was 37.3 (range 18-58, SD 9.6).
An OCT measurement of the anterior chamber angle including the iris could be performed in 50 eyes of 34 subjects (69.4%) in the hyperopic group, in 402 eyes of 228 subjects (71.7%) in the myopic group and in 93 eyes (100%) of 50 subjects of the emmetropic group. An example is given in Fig. 1 . Non-responder analysis revealed that hyperopic and myopic eyes with OCT imaging were similar to those without OCT imaging with respect to age and intraocular pressure. Fewer women with hyperopia took part in OCT imaging, and participating subjects showed a tendency to higher hyperopic respectively myopic refraction.
In the myopic group, 105 eyes had a concave iris configuration (26%), while in the hyperopic group, no eye had such a configuration (0%) and in the emmetropic group, five eyes (5%). The mean amount of concave iris configuration was À143 lm (SD 97), while the mean convexity ratio was À0.04 (SD 0.02). A convex iris configuration was present in 269 eyes of the myopic group (67%), in 48 eyes of the hyperopic group (96%) and 79 eyes of the emmetropic group (85%). The mean amount of convex iris configuration was 138 lm (SD 72). The distribution of convex and concave iris configuration in the three study groups is described in Fig. 2 .
The mean pupil size was 5.18 mm (SD 1.01) in the hyperopic group, 5.66 mm (SD 1.00) in the myopic group and 5.75 mm (SD 0.86) in the emmetropic group. The pupil size was smaller in the hyperopic group compared to the other groups (ANOVA analysis; p = 0.002), while there was no difference between myopic and emmetropic eyes.
The mean anterior chamber angle width was 49°(SD 6.3) in eyes with a concave iris configuration, while it was 37°(SD 6.7) in eyes without (p = 0.001).
Association analysis showed a significant correlation between anterior chamber angle width and the amount of convex/concave iris configuration (Spearman q = À0.74, p < 0.001, the 'minus' sign shows direction with respect to convex iris configuration).
When investigating only myopic eyes, the mean anterior chamber angle width was 50°(SD 6.4) in eyes with a concave iris configuration and 38°(SD 6.2) in eyes without (p < 0.001). In these eyes, association analysis revealed a Spearman's correlation coefficient of À0.73 (p < 0.001) with the amount of convex/ concave iris configuration. When only investigating myopic eyes with concave iris configuration, correlation analysis showed an association between a wider anterior chamber angle and a larger amount of concave iris configuration (Spearman q = 0.54 (p < 0.001), while for eyes without concave iris configuration, this association was similar (Spearman q = À0.57 (p < 0.001), the 'minus' sign indicates direction with respect to convex iris configuration).
Multivariable logistic analysis of the three groups (myopia, emmetropia, hyperopia) with refraction, corneal curvature, pupil size, intraocular pressure, age and gender as independent and existence of a concave iris configuration as dependent variable showed a negative association of such a iris profile to refraction, age and female gender (Table 1) .
In contrast, multivariable logistic analysis of the existence of a convex iris configuration showed a positive association to refraction, age and female gender (Table 2) .
Regarding the amount of the concave iris configuration, the statistical model revealed intraocular pressure as positive statistically significant associated factor and female gender as negative associated factor, while refraction, corneal curvature, pupil size and age were not associated (Table 3) . When analysing the convexity ratio in eyes with a concave iris configuration, intraocular pressure was negatively associated with convexity ratio. In addition, pupil size was negatively associated with convexity ratio (Table 4) .
Investigation of the amount of convex iris configuration revealed refraction, age and female gender as positively associated factors, while corneal curvature, pupil size and Fig. 2 . The distribution of iris configuration in the three study groups: (A) hyperopic subjects; (B) emmetropic subjects; (C) myopic subjects. A positive value indicates a convex iris configuration, while a negative value indicates a concave iris configuration. intraocular pressure were not associated (Table 5 ). In addition, pupil size was positively associated with convexity ratio in eyes with convex iris configuration (Table 6 ).
Discussion
The results from this study suggest that myopia is associated with a concave iris configuration as investigated with the anterior segment mode of spectral domain OCT, whereas in hyperopia, a concave iris configuration is not present.
Iris concavity is reported to be present in pigment dispersion syndrome and pigmentary glaucoma as examined with gonioscopy and ultrasound biomicroscopy (Kanadani et al. 2006) . A recent study showed that eyes with pigment dispersion syndrome do not have an iris that is abnormally large, but have a weakly resistant iris that is stretched and pushed towards the lens (Aptel et al. 2011) . In our study, we did not investigate iris size but included pupil size. Our analysis shows that pupil size is not associated with either the existence or the amount of concave iris configuration. Participants with hyperopia had a smaller pupil size, presumably due to accommodation associated miosis and an older age in average. Similar to our results showing an association of concave iris configuration and myopia, case-control studies reported moderate myopia (about À4 dioptres) for eyes with pigment dispersion syndrome having a concave iris configuration using anterior segment OCT as imaging modality (Asrani et al. 2008; Aptel et al. 2011) . Interestingly, our myopic study group showed a two-peak distribution of iris profile: one peak indicating concave iris configuration, while the other peak showing convex iris configuration and being similar to the emmetropic study group. This indicates that two different conditions of iris configuration exist in myopic eyes, while emmetropic and hyperopic eyes have a one-peak distribution.
Iris concavity is quite common in schoolboys. Shah et al. (2014) reported that 24% have such an iris profile on distance fixation in a cohort of 10-to 12-year-old schoolboys. Till today, it is not totally understood how the configuration of the iris changes during life. In our cohort, we found 26% of the Table 3 . Analysis on the amount of concave iris configuration and associated factors using a multivariable linear regression model with generalized estimating equations. A negative regression coefficient indicates an increase in concave iris configuration.
Eyes with concave iris configuration (n = 63 subjects) Table 4 . Analysis on convexity ratio of the iris and associated factors using a multivariable linear regression model with generalized estimating equations. A negative regression coefficient indicates an increase in concave iris configuration.
Eyes with concave iris configuration (n = 63 subjects) Table 5 . Analysis on the amount of convex iris configuration and associated factors using a multivariable linear regression model with generalized estimating equations. A positive regression coefficient indicates an increase in convex iris configuration.
Eyes with convex iris configuration (n = 231 subjects) myopic eyes having a concave iris configuration, but in no eye of the hyperopic study group. Analysis of convex iris configuration showed that this iris profile is more present in females and in hyperopic and older subjects. Similar to our results, older age and female gender are reported to be more present in patients with primary angle closure glaucoma (Day et al. 2012) . Additionally, hyperopia is described to be linked with primary angle closure glaucoma (Shen et al. 2016) .
Iris contour itself is known to be influenced by a variety of physiological conditions, such as exercise (Jensen et al. 1995; Haargaard et al. 2001) , blinking (Liebmann et al. 1995) and accommodation (Pavlin et al. 1994; Balidis et al. 2002; Adam et al. 2004; Dorairaj et al. 2008 ). In addition, iris configuration shows different changes in iris profile in dark and light room conditions in dynamic analysis (Cheung et al. 2010) .
We included analysis of convexity ratio in our analysis, as it is described to be independent of scale and can directly be calculated from the images without calibration of pixel size (Amini et al. 2010) . Our results were similar between convexity ratio and the amount of convex iris configuration regarding associated factors age, sex and hyperopic. Pupil size was associated with the convexity ratio indicating that an increased convexity ratio (convex iris configuration normalized to iris length) is independently related to a larger pupil size, while for a concave iris configuration, the opposite was true.
We found an association of anterior chamber angle width with iris configuration. A wider anterior chamber angle was associated with a concave iris configuration, while a narrower width was present in eyes with convex iris configuration. This was observed in both the total study population and the myopic subgroup. Our results indicate that iris configuration should be integrated as parameter when investigating anterior chamber width and potential risk factors for angle closure, especially the finding of a pronounced convex iris configuration, as this was associated with a narrower anterior chamber angle width.
From the clinical point of view, it is not to be expected that the presence of a convex or concave iris configuration will have a direct impact on intraocular pressure. Therefore, our finding that there is no association between iris configuration and intraocular pressure seems to be plausible.
Naturally, there are methodological limitations to the study: performing OCT measurements of the anterior segment at different clock hours may broaden the numerical data set and eventually result in adjusted data. Also, we cannot adjust for potential influence of the iris behaviour under different light conditions, as we only performed OCT measurements under mesopic light conditions. To incorporate different pupil dilatation, we have measured and included the pupil diameter in our statistical analysis. As we imaged the anterior segment without dilatation of the pupil, we were not able to appreciate the lens thickness or lens vault from the images and therefore could not control for its possible influence. During the time of image acquisition, probands did not have any defined target to fixate but were asked to look straight ahead in the darkened examination room. Therefore, accommodation should not have influenced our results. Another limitation is the fact that we perform a static analysis of the iris configuration without taking into account the motility of the iris. In addition, different corneal shaping might influence the transition of the OCT beam through the anterior segment and image properties. To encounter this fact, we have included corneal radius as independent variable in all our statistical models.
In addition, our study population consists mainly of men and focuses on subjects in the working age (age range: 18-66 years); therefore, no elderly subjects have been included. Our study focuses uniquely on physiological conditions and on determining the physiological range of iris concavity in hyperopic, emmetropic and myopic eyes, and does not include the development of pathological conditions during ageing. In fact, pathological situations such as pigmentary glaucoma were defined as an exclusion criterion by including only healthy eyes. It may hence be regarded a limitation of the study that we were not able to evaluate whether eyes had pigment dispersion syndrome or not. Also, we did not account for anatomical changes associated with ageing such as physiological thickening of the crystalline lens, a decrease in anterior chamber depth or changes in the iris structure over time or the qualitative aspect of the anterior chamber angle such as pigmentation or iris atrophy. When interpreting findings outside of the multivariable models, one has to take sex distribution into account: there were far more men included in our study than women. In addition, our non-responder analysis revealed that more hyperopic men participate in OCT imaging than women, while there was no difference in the myopic group. In both refraction groups, there was a tendency to higher ametropia of subjects with OCT imaging, which might limit our study. Overall, our study shows an association between the existence of a concave iris configuration and myopia, younger age and male gender. The amount of iris concavity was related to intraocular pressure and male gender. The existence of a convex iris configuration was associated with hyperopia, older age and female gender. This study could be important to distinguish physiological and pathological iris profiles as examined by spectral domain OCT. Also, our data may help to understand the relationship between refraction, age, gender and curvature of iris profile as Table 6 . Analysis on convexity ratio of the iris and associated factors using a multivariable linear model with generalized estimating equations. A positive regression coefficient indicates an increase in convex iris configuration defined as a positive convexity ratio. 
